We report the development and evaluation of a Salmonella O-group-specific Bio-Plex assay to detect the six most common serogroups in the United States (B, C 1 , C 2 , D, E, and O13) plus serotype Paratyphi A. The assay is based on rfb gene targets directly involved in O-antigen biosynthesis; it can be completed 45 min post-PCR amplification. The assay correctly and specifically identified 362 of 384 (94.3%) isolates tested in comparison to traditional serotyping. Seventeen isolates (4.4%) produced results consistent with what is known about the molecular basis for serotypes but different from the results of traditional serotyping, and five isolates (1.3%) generated false-negative results. Molecular determination of the serogroup for rough isolates was consistent with a common serotype in most instances, indicating that this approach has the potential to provide O-group information for isolates that do not express an O antigen. We also report the sequence of the O-antigenencoding rfb gene cluster from Salmonella enterica serotype Poona (serogroup O13). Compared with other, previously characterized rfb regions, the O13 rfb gene cluster was most closely related to Escherichia coli O127 and O86. The O-group Bio-Plex assay described here provides an easy-to-use, high-throughput system for rapid detection of common Salmonella serogroups.
Serotyping of salmonellae is a valuable phenotypic subtyping tool for understanding the epidemiology of this important food-borne pathogen. Salmonella isolates are serotyped using the Kauffmann-White scheme according to their O, H, and Vi antigens (4, 40) . The O antigen contains multiple repeats of an oligosaccharide unit (O unit), which, together with lipid A and core oligosaccharides, form the lipopolysaccharide present in the outer membranes of gram-negative bacteria (7) . Many of the genes required for O-antigen biosynthesis are organized in a large regulon termed the rfb gene cluster (47) . rfb gene clusters have been characterized from a growing number of gram-negative bacteria; this operon is located between galF and gnd in Salmonella enterica and Escherichia coli (49) . In general, rfb genes have a low GϩC content (usually less than 40%); the deviation in GϩC content from that of typical S. enterica genes (51%) suggests that rfb DNA originated in species other than S. enterica and was captured by lateral gene transfer (46, 56) . Typically, three classes of genes are found in rfb clusters: (i) genes for synthesis of nucleotide sugars specific to the respective O antigen, (ii) sugar transferase genes to build the O subunit, and (iii) the O-antigen polymerase (wzy) and transport protein (wzx) genes for assembly of the O subunit into the O antigen (49) .
There are 46 O serogroups described in the KauffmannWhite scheme; serogroups were originally designated by alphabetic letters, and then it was necessary to continue with numbers 51 to 67. For consistency in the scheme, all serogroups were given a number designation; however, the most common serogroups (A to E) are commonly designated by letter. The antigenic differences among the 46 Salmonella O serogroups are due mainly to genetic variation in their respective rfb gene clusters (58) . The rfb gene clusters from 15 Salmonella serogroups have been characterized or sequenced: A (32), B (24), C 1 (28), C 2 (5), D 1 (32) , D 2 (9) , D 3 (9) , E (54), O6,14 (18) , O17 (19) , O18 (19) , O35 (56) , O30, O50 (50) , and O54 (26) . The O antigens of serogroups A, B, C 2 , D 1 , D 2 , D 3 , and E have related structures, and their rfb regions are related. The Salmonella enterica serotype Paratyphi A rfb region has been shown to be a minor modification of a serogroup D 1 rfb region (32) ; it has a frameshift mutation that inactivates tyv, a sugar biosynthesis gene required for the biosynthesis of tyvelose. Serogroup D 1 strains have tyvelose as their O-antigen side chain sugar, whereas serotype Paratyphi A has paratose, the substrate for tyvelose, as its side chain sugar. Thus, a small genetic change is responsible for a substantial O-antigen difference. Serogroup E 1 originally was divided into three serogroups (E 1 , E 2 , and E 3 ); later, the Kauffmann-White scheme classified E 2 (O3,15) and E 3 (O3,15,34) strains with O3,10 strains as belonging to serogroup E 1 (42) , since the antigenic differences detected between the three O groups are thought to be due to the presence of lysogenic phage. The rfb gene cluster from a serogroup E 1 strain has been sequenced; hybridization data from Xiang et al. (58) suggest that serogroup E 2 , E 3 , and E 4 isolates have rfb gene clusters very similar to that of E 1 . Serogroup O54 is a heterogeneous group, with 14 serotypes currently reported; this O antigen is encoded on a plasmid (26, 41) , and strains harboring this plasmid still have a genomic rfb region. The rare serogroup O67 is a known variant of serogroup B (31) . Three Salmonella O-antigen structures are known to be shared with other enteric organisms: Salmonella serogroup O35 and E. coli O111 have the same antigen structure, as do Salmonella serogroup O50 and E. coli O55, and Salmonella serogroup O30, E. coli O157, and Citrobacter freundii F90. The respective rfb gene clusters from Salmonella, E. coli, and C. freundii with identical O antigens are, in turn, also highly related to one another (50, 56) .
Despite the utility of serotyping, problems associated with antiserum production and isolates for which the serotype antigen cannot be detected have led many to take advantage of molecular approaches to serotyping. The sequences of sugar transferase genes and of the transport (wzx) and O-antigen polymerase (wzy) genes tend to be specific to a particular O antigen. PCR assays based on these O-antigen-specific genes have been proposed for molecular typing of a growing number of pathogens, including Salmonella, E. coli, and Shigella spp. (12, 16, 18, 20, 34, 55, 57) . These assays are an attractive alternative to traditional approaches to O-antigen determination, but they do not adapt easily to a multiplex format. In addition, these gene targets can be highly diverse at the DNA sequence level, even among serogroups of the same species, and they are not always in the same gene order in each rfb cluster. Thus, it can be difficult to target and sequence these genes. It is often necessary to sequence the entire rfb gene cluster in order to identify the relevant O-group-specific genes to target for molecular typing.
We report here the development of a sevenplex, bead-based suspension array to detect the six most common serogroups in the United States (B, C 1 , C 2 , D, E, and O13), plus serotype Paratyphi A, using Luminex technology (13) . This approach combines PCR with a multiplexed bead-based suspension array detection system. O-antigen rfb gene cluster DNA sequences, on which to base PCR primer and probe selection, were publicly available for six of the seven serogroups targeted. No rfb DNA sequence was available for Salmonella serogroup O13, so we also report here the characterization of the rfb gene cluster from Salmonella serogroup O13. The O-antigen gene clusters of Salmonella O13, E. coli O127, and E. coli O86 were shown to be closely related.
MATERIALS AND METHODS
Strains. All isolates were from the Salmonella Reference Collection in the Foodborne and Diarrheal Diseases Branch, CDC. Isolates were serotyped according to the method of Brenner and McWhorter-Murlin (4). Serotypes were designated according to the Kauffmann-White scheme (38) . Salmonella enterica stock strain 99-0277 (Salmonella enterica serotype Poona, 13,22:z:1,6) was selected for rfb sequence analysis. The O-group sevenplex assay was evaluated in parallel with traditional serotyping methods on a panel of 368 isolates that represented all subspecies/serogroup combinations in the current KauffmannWhite scheme.
DNA sequencing of the Salmonella O13 rfb gene cluster. The Salmonella serogroup O13 rfb region was amplified by PCR using the Expand Long PCR kit (Roche) according to the manufacturer's instructions and oligonucleotide primers corresponding to the middle of the JUMPstart sequence and the 5Ј end of gnd, as previously described (31) . A combination of subcloning and primer walking was used to sequence the rfb region; all sequencing was performed on a Perkin-Elmer Applied Biosystems 377 automated DNA sequencer using the BigDye Terminator cycle sequencing ready reaction mix according to the manufacturer's instructions (Perkin-Elmer Applied Biosystems, Foster City, CA). DNA sequence data were assembled and analyzed using Lasergene 99 (DNASTAR) software. The National Center for Biotechnology Information (NCBI) BLAST network server was used to search sequence databases for sequences with homology to the open reading frames (ORFs) found in the O13 rfb sequence. The TMHMM program was used for predicting the numbers of transmembrane helices in the Wzx and Wzy proteins (27) . The ClustalW and T-coffee programs (39) were used for performing sequence alignments, and the Pfam protein family database (2) was searched for protein domain similarity.
O-group Bio-Plex assay. (i) PCR amplification. PCR primers corresponding to specific rfb genes were used to generate amplicons of 90 to 417 bp depending on the O group ( Table 1 ). The forward primer was biotinylated at the 5Ј end to allow binding of the reporter dye, streptavidin-R-phycoerythrin, and subsequent detection on the Bio-Plex platform. The target sequences for all O groups were amplified in a single multiplex PCR. PCR amplification was performed in 25-l volumes using a Hot Start PCR kit (Promega, Madison, WI) according to the manufacturer's instructions. PCR amplification was carried out in a thermal cycler (MJ Research, MA) with the following parameters: initial denaturation at 95°C for 15 min; then 30 cycles of 94°C for 30 s (denaturation), 48°C for 60 s (annealing), and 72°C for 90 s (extension); and 72°C for 10 min (final extension). PCR amplicons were then used directly with the coupled beads in the hybridization reaction described below, and the O-group targets were detected in a single Bio-Plex assay.
(ii) Coupling of probes to microspheres (beads). Oligonucleotide probes based on rfb genes specific for serotype Paratyphi A and serogroups B, C 1 , C 2 , D, and O13 (Table 1) were synthesized with an amino-modified 6-carbon spacer at Pierce Chemicals, IL) were combined in 25 l of 100 mM 2-(N-morpholino)ethanesulfonic acid (MES), pH 4.5. The reaction mixtures were incubated in the dark at room temperature for 30 min with constant shaking, and the EDC treatment and subsequent incubation step were repeated once. After coupling, the microspheres were washed with 1.0 ml of 0.02% Tween 20 (Sigma, St. Louis, MO), followed by a second wash with 0.5 ml of 0.1% sodium dodecyl sulfate (Sigma). Coupled microspheres were then suspended in 50 l of TE buffer (0.01 M Tris-EDTA, pH 8.0) and stored at 4°C in the dark. All seven of the O-groupspecific bead sets were mixed by combining equal volumes (3 l) of each, and the mixture was stored in the dark at 4°C until use. The hybridization capture probes are listed in Table 1 .
(iii) Hybridization of bead-coupled probes to PCR amplicons. Immediately before use in the hybridization reaction, the O-group bead mixture was brought to a final volume of 1 ml in 1.5ϫ TMAC buffer (1.5 M tetramethylammonium chloride, 75 mM Tris, 6 mM EDTA, and 0.15% Sarkosyl [pH 8.0]). For the O-group Bio-Plex assay, 33 l of bead mix was added to 5 l of O-group PCR product and 12 l of TE buffer in a single well of a 96-well microtiter plate (Thermowell; VWR International, West Chester, PA). The reaction mixture was incubated first for 5 min at 94°C and then for 30 min at 52°C to denature the DNA and allow hybridization of the probes to the PCR amplicons.
(iv) Detection of hybridized amplicons. The microspheres were then suspended in 75 l of detection buffer (R-phycoerythrin-conjugated streptavidin [Molecular Probes, Eugene, OR] diluted to 4 g/ml in 1ϫ TMAC hybridization buffer). Samples were incubated for an additional 10 min at 52°C and then analyzed on the Bio-Plex (Bio-Rad, Hercules, CA). The median fluorescence intensity (MFI) for each bead set was calculated automatically by the Bio-Plex software. A positive signal was defined as an MFI giving 6 times the background fluorescence intensity for each bead-probe set.
PFGE analysis. Preparation of Salmonella DNA, macrorestriction analysis using the restriction enzymes XbaI and BlnI, and pulsed-field gel electrophoresis (PFGE) were performed according to the standardized PulseNet Salmonella protocol (48) . Thiourea was added to the PFGE running buffer to prevent degradation of the DNA from Salmonella enterica serotype Koessen and Salmonella enterica serotype Panama (45) . Gel analysis was performed using BioNumerics (version 4.0; Applied Maths, Sint-Martens-Latem, Belgium). Cluster analysis with BioNumerics was determined with the Dice coefficient using the unweighted-pair group method with arithmetic averages. Isolates were assigned to the same PFGE pattern when they clustered at 100% similarity (when they were indistinguishable by the similarity matrix and visually with settings of 1.50 for both optimization and position tolerance with both enzymes).
Nucleotide sequence accession number. The sequence of the Salmonella serogroup O13 rfb gene cluster has been deposited in GenBank and assigned accession number EF204526.
RESULTS
Salmonella serogroup O13 rfb cluster. Analysis of the DNA sequence from the Salmonella enterica serogroup O13 rfb gene cluster revealed 12.0 kb flanked by JUMPstart and the gnd gene and containing 11 ORFs (Fig. 1) . The sequences were analyzed using BLAST, and the genes were named in accordance with bacterial polysaccharide gene database (BPGD) nomenclature (46) . Seven of the 11 genes from the serogroup O13 gene cluster had GϩC contents ranging from 26.6 to 38.9% (Fig. 1) , a feature characteristic of other rfb gene clusters. The other four genes, gmd, fcl, gmm, and manB, had GϩC contents ranging from 56.0 to 60.9%, respectively. All of the genes from serogroup O13 were transcribed in the same direction. Further details on the sequence analysis of the Salmonella serogroup O13 rfb gene cluster can be found in the supplemental material.
The rfb gene cluster from Salmonella serogroup O13 had high amino acid identities to those of the two closely related E. coli O antigens, O127 and O86 (17) . Nine of 11 Salmonella O13 genes shared 61% to 93% amino acid identity with the corresponding genes in E. coli O127 (Fig. 1) O-group Bio-Plex primer and probe design. Visual OMP (version 4.2) software (DNA Software Inc., Ann Arbor, MI) was used to design and simulate the performance of the O-group PCR primers and capture probes. PCR primers and probes were based on gene targets from previously described PCR assays for serogroups A/D, B, and C 2 and from new PCR assays described in this study for serogroups C 1 , E, and O13 (Table 1) . Luk et al. (34) described three PCR assays for identification of Salmonella serogroups A/D, B, and C 2 based on sequences within the rfb genes encoding abequose (abe) and paratose synthase (prt). We targeted the same rfb genes for the development of primers and probes specific for serogroups B, C 2 , and D and serotype Paratyphi A ( Table 1 ), except that the sizes of the PCR amplicons were adjusted to optimize positive-signal intensity on the Bio-Plex platform; the primers were designed to make smaller amplicons of 122 bp to 150 bp ( Table 1 ). The rfb gene cluster of serogroup A is highly related to that of serogroup D (32); the PCR assay for serogroup A/D described by Luk et al. (34) did not differentiate between these two serogroups. Alignment of the rfb gene clusters from the genome sequences of Salmonella enterica serotype Enteritidis (PT4), Salmonella enterica serotype Typhi (TY2 and CT18), and Salmonella serotype Paratyphi A (ATCC 9150) (www.salmonella.org) showed a 2-bp difference between the serogroup D rfb DNA sequences and that of Salmonella serotype Paratyphi A in the PCR target region. We targeted this 2-bp difference for design of the serogroup D-and serotype Paratyphi A-specific capture probes. The rfb gene clusters from serogroups C1 and E have been sequenced previously (28, 54) . We targeted wzy (O-antigen polymerase gene) and wzx (O-antigen transport gene) to generate a 417-bp and a 117-bp PCR amplicon, respectively. O13-specific PCR primers were derived from a sequence within the O-antigen polymerase gene, wzy (Fig. 1) , to generate a 90-bp PCR amplicon. Initially, capture probes of 18 to 21 bp were designed for each O group. By lengthening the size of the probes to 33 to 35 bp for serogroups B, C 1 , C 2 , and O13, positive-signal intensity was increased 10-fold. For serogroup D and serotype Paratyphi A, where the DNA sequence difference between the two target regions is 2 bp, a probe length of 18 bp gave optimum positive-signal intensity. Probe hybridization was evaluated at different temperatures (37°C, 52°C, 53°C), and the fluorescence signal intensity and stringency of hybridization were found to be optimal at a hybridization temperature of 52°C.
Data output and analysis. For the O-group Bio-Plex assay, the Bio-Plex instrument is set to measure the reporter fluorescence for a minimum of 100 microspheres of each of the seven microsphere sets present in a given reaction well. The output, or "raw data," is reported as the MFI measured for each of the seven O-group-specific microsphere sets. Bio-Plex software can also generate a "ratio" for each microsphere set in a given
VOL. 45, 2007 SALMONELLA O GROUP-SPECIFIC BIO-PLEX ASSAY 3327
on July 8, 2017 by guest http://jcm.asm.org/ reaction well. This is generated by dividing the MFI of each isolate for a given microsphere set by the MFI obtained for a negative control (consisting of all reaction components except DNA, which is replaced by water). An arbitrary cutoff ratio of 6 times the background was established to score a particular isolate as positive or negative with each O-group-specific capture probe microsphere set. Examples of raw and ratio data averaged for five isolates for each O-group microsphere bead set are shown in Fig. 2 . To give an example of the ratio data for all seven bead sets for a given sample, Fig. 2C shows the ratio values for a Salmonella enterica serotype Dublin isolate, which belongs to serogroup D. The isolate had a positive ratio of 100.15 for serogroup D, while it was negative with the other six bead sets, with ratios ranging from 0.58 to 2.7.
Comparison of O-group determination by traditional versus molecular serotyping. The O-group Bio-Plex assay was validated on a panel of 393 strains in parallel with traditional methods. A comparison of the serogroup data generated by the O-group Bio-Plex assay and traditional serotyping is shown in Table 2 . For 384 isolates, an O group could be determined by traditional methods, and the traditional and molecular methods identified the same O group for 362 of the 384 (94%). Seventeen isolates produced different results by the two methods, but these were consistent with what is known about the phenotypic and genetic bases for serotypes. An isolate of Salmonella enterica serotype Crossness, the only serotype belonging to serogroup O67, was positive for serogroup B by the Bio-Plex assay, but O67 is a minor variant of serogroup B (31). Serogroup O54 is encoded on a plasmid, and serogroup O54 strains also have a chromosomally encoded rfb region; 10 of 14 serogroup O54 serotypes were positive for one of the serogroups in the Bio-Plex assay (Table 3) . Serogroup A consists of four serotypes including serotype Paratyphi A. Isolates of the three serogroup A serotypes Salmonella enterica serotype Nitra (4), Salmonella enterica serotype Kiel (1), and Salmonella enterica serotype Koessen (1) were positive with the serogroup D probe and negative with the serotype Paratyphi A probe. These six serogroup A isolates were subtyped with a representative isolate from the corresponding serotype in serogroup D by PFGE, together with a representative of serotype Paratyphi A. Cluster analysis demonstrated similarities from 81% to 100% between the corresponding pairs of serogroup A and D isolates (Fig. 3) . The serotype Paratyphi A isolates were less similar (68%).
Nine isolates were designated "rough" by traditional serotyping, indicating that they did not express O antigen; six of the nine isolates gave positive results for one of the serogroups covered in the assay (Table 2) . By combining the molecular result for the O group with the H-antigen result by traditional serotyping, we were able to designate a serotype for all six isolates (Table 4) .
False-negative results were initially obtained for 14/383 isolates: all subspecies II serogroup D 1 (n ϭ 5), D 2 (n ϭ 1), and D 3 (n ϭ 3) isolates were negative for serogroup D, while 2 subspecies IIIb and 3 Salmonella bongori serogroup O13 isolates were negative for serogroup O13, in the O-group BioPlex assay. We determined there was no amplification of the target DNA for the subspecies II serogroup D isolates. Sequencing of the 137-bp gene target used in the assay design showed that there was a 2-bp difference in both the reverse primer and the probe region for all nine of the isolates. Design of an additional reverse primer and probe incorporating this sequence variation between subspecies II serogroup D isolates and the other subspecies of serogroup D, and their addition to the O-group Bio-Plex assay, resulted in a positive serogroup D result for the subspecies II serogroup D isolates in the assay. Similarly, for the subspecies IIIb and S. bongori serogroup O13 isolates tested, we determined there was no PCR amplification of the target DNA.
DISCUSSION
Salmonella surveillance activities depend on the accuracy of serotype identification. More than 35,000 Salmonella isolates are serotyped by public health laboratories in the United States each year; this information is used to monitor local, regional, and national trends in human salmonellosis, to detect potential outbreaks, and to monitor control efforts. However, in practical terms, serotyping does have limitations. The technique itself is simple, but it is laborious to produce and maintain the more than 250 O and H grouping, typing, and single-factor reagents that are needed to identify all serotypes. More than 350 stock strains and antigens are needed to evaluate and perform quality control for antisera. In addition, expression of a serotype antigen can be lost; rough strains do not express O antigen and thus do not react with any O antisera; mucoid strains produce a capsule that blocks detection of the O antigen; and nonmotile strains do not express flagellar antigen.
Alternative methods, such as PCR-based and enzyme-linked immunosorbent assays, have been described for the identification of specific Salmonella serotypes (22, 52, 53) as well as specific Salmonella O groups (21, 23, 34) , but these platforms do not adapt easily to a multiplex format. A growing number of fingerprinting methods have also attempted to identify Salmonella to the serotype level, including randomly amplified polymorphic DNA analysis (51), enterobacterial repetitive intergenic consensus PCR (6), automated ribotyping (38) , and PFGE (15) . Use of these methods for the identification of Salmonella serotypes, which are based on the establishment and comparison of banding patterns, relies not only on a large and diverse population of samples that reflect the true diversity of all Salmonella serotypes but also on the maintenance and analysis of these patterns in a database, which is not practical. More recently, microarray technology including O-and Hantigen-encoding genes has been used to characterize Salmonella isolates (35) . While this platform can be sensitive and specific, the construction of microarray chips requires significant design expertise; the cost of custom-made microarray chips can be prohibitive; and microarray analyses are often restricted to one sample per slide, making them less costeffective (10) .
The Bio-Plex bead-based liquid suspension array has the benefits of ease of use, lower cost, more flexibility in array preparation, and automatic analysis of data, making it a more attractive platform for widespread application. We describe here a molecular method for the determination of common Salmonella serogroups that combines direct hybridization of a biotinylated PCR-amplified target DNA to bead sets coupled with oligonucleotide capture probes specific for each sequence and detection on a Bio-Plex platform. This assay uses Luminex technology, which has the potential to do multiplex analysis combined with high throughput, to provide a rapid means of O-group detection. The rfb gene cluster sequence was not publicly available for Salmonella serogroup O13 at the time of our Bio-Plex assay design. The O unit of Salmonella serogroup O13 consists of five sugar residues: two of GalNAc, one of galactose, one of glucose, and one of fucose (Fuc). However, the manner in which all of the oligosaccharides are linked is not known (33) . Only genes involved in the synthesis of UDP-GalNAc and GDP-Fuc were expected in the O13-antigen gene cluster; genes for the synthesis of UDP-Gal and UDP-Glc, which are involved in other cell functions, are located elsewhere on the chromosome (49) . Comparative sequence analysis of the serogroup O13 rfb gene cluster revealed Fuc and GalNAc biosyn- thesis genes, three potential glycosyltransferases, an O-antigen polymerase gene, and an O-antigen transport gene. The Salmonella O13 rfb gene cluster was closely related to those of E. coli O127 and O86. Based on the Salmonella rfb gene clusters that have been sequenced to date, the level of sequence similarity for the three different functional types of genes in the rfb region ranges from high for the sugar biosynthesis genes to little or no similarity for the genes involved in processing and assembly functions, such as wzx and wzy. We chose the latter types of genes for design of the serogroup C 1 -, E-, and O13-specific primers and probes. A PCR-based enzyme-linked immunosorbent assay for identification of serogroups C 1 and E based on rfb genes has been reported (21) . wzx was targeted for the serogroup C 1 assay and the mannosyltransferase gene wbaO for the serogroup E 1 -specific assay. However, additional sequencing of other Salmonella rfb gene clusters has shown that the Wzx transport protein from Salmonella serogroup C 1 is at least 50% similar to the corresponding Wzx protein in Salmonella serogroup O11 (unpublished data). In addition, wbaO is also present in serogroup D 2 , so one might expect cross-reactivity between serogroups E and D 2 with this gene target. Therefore, we targeted wzy and wzx for design of serogroup C 1 and E primers and probes, respectively.
Serogroup-specific PCR primers and oligonucleotide capture probes were designed and optimized for use in the BioPlex assay in a TMAC-containing hybridization buffer. TMAC stabilizes AT base pairs, minimizing the effect of base composition on hybridization and therefore allowing different sets of probes with different characteristics to be used under the same hybridization conditions (14) . To optimize assay conditions, we assessed the effects of temperature on hybridization efficiency. Optimum hybridization occurred in our study at 52°C; we found lower signal strength at lower hybridization temperatures, as reported by other studies (8, 10, 11) . PCR amplification primers are typically designed to amplify 100-to 400-bp regions of the target DNA, to help minimize the potential for steric hindrance to affect hybridization efficiency; all PCR amplicons were kept within this size range for our O-group BioPlex assay. The target region for most serogroups in the assay differed by whole genes; therefore, probe lengths of 33 to 35 nucleotides provided the optimum signal intensity. The effect of a mismatch has been shown to be greater with increasing temperature and decreasing probe length (1, 14) . The difference between serotype Paratyphi A and serogroup D was 2 bp; a decreased probe length of 18 bp had a significant impact on signal intensity at an increased hybridization temperature of 52°C.
This Bio-Plex assay was based on the genes responsible for O-antigen biosynthesis in Salmonella, and thus, in most cases it provided a serogroup designation comparable to traditional methods. All 189 Salmonella isolates that were subtyped as serotype Paratyphi A or serogroup B, C 1 , C 2 , D, E, or O13 by traditional serotyping were correctly identified by the Bio-7-Plex assay, except five group 13 isolates belonging to subspecies IIIb or V. Isolates belonging to both E 1 and E 4 were positive with the serogroup E bead set. One hundred seventythree isolates belonging to 35 of the serogroups not represented in the assay were negative by the O-group Bio-Plex assay.
Our Bio-Plex assay proved to be more specific than traditional molecular assay formats, since we were more easily able to differentiate between serotype Paratyphi A and serogroup D isolates. Serotype Paratyphi A is the only common serotype among the four currently described serogroup A serotypes. By alignment of the rfb gene cluster DNA sequences from the genome sequences of Salmonella serotype Paratyphi A and three serogroup D sequences, we targeted a 2-bp mismatch within the CDP-paratose synthase (prt) gene, for molecular differentiation of serotype Paratyphi A and serogroup D. All five serotype Paratyphi A isolates tested were positive with the serogroup A probe and negative with the serogroup D probe. The assay did not detect any of the six isolates belonging to the other three serogroup A serotypes; they were positive by the serogroup D assay. These other three serotypes belonging to serogroup A are extremely rare and are closely related to more-common serogroup D serotypes at the molecular level. Molecular characterization of the six non-serotype Paratyphi A O-group serogroup A isolates by PFGE cluster analysis was in agreement with the molecular determination of the serogroup and showed them to be most closely related to and sometimes indistinguishable from their corresponding serotypes in serogroup D. This finding is in agreement with the results of a previous study looking at variation of rfb gene clusters in S. enterica, where colony hybridization was used to show that serogroup A isolates are variants of serogroup D (58), as well as with multilocus enzyme electrophoresis (3) and microarray (36, 44) data.
Based on the genetic basis for serotypes, the Bio-Plex assay also generated different but appropriate O-group designations for serogroups O67 and O54. Both of these serogroups, like serogroup A, are rare and related to more Table 3 ). Using our Bio-7-Plex assay, we were able to identify chromosomally encoded O antigens for 10 of the 14 serotypes in serogroup O54. By traditional serotyping, besides factor O54, seven of the serotypes are known to express additional O factors (Table 3) . Studies on pWQ799, a 6.9-kb plasmid from Salmonella enterica serotype Borreze, demonstrated that the transfer and mobilization of this plasmid provide a mechanism for lateral transfer of O-antigen biosynthesis genes in S. enterica. This explains the coexpression of the O54 factor with other O factors in different Salmonella serotypes that are encoded by chromosomal genes (25) . Previous work where the plasmid was cured from 10 of the O54 serotypes resulted in derivatives that failed to produce factor O54 but expressed other antigenic specificities (29, 30, 41, 43) (Table 3) . We tested all 14 of the O54 serotypes in our sevenplex O-group assay to examine the chromosomally based rfb O-antigen gene cluster in these strains. For the 10 serotypes where O54-negative variants have been described, the PCR results correlated with the serological data; the derivatives that serologically expressed serogroup B, C 1 , C 2 , and E factors were positive by the corresponding serogroup B, C 1 , C 2 , and E Bio-Plex assays, respectively. Popoff and Le Minor (41) were unable to isolate O54-negative variants for Salmonella enterica serotype Rossleben, Salmonella enterica serotype Czernyring, Salmonella enterica serotype Mundubbera, and Salmonella enterica serotype Yerba, so whether additional chromosomally based antigenic factors were present was not determined. One of these four O54 serotypes was positive by the Bio-Plex assay; Salmonella serotype Rossleben was positive for serogroup B. Interestingly, 4 of the 10 serotypes that produced O54-negative variants did not coexpress antigenic factor O54 with any other factor, so production of O54 can completely inhibit or hide expression of other antigenic factors. Plans are ongoing to design primers and probes specific for serogroup O54 and to add them to the Salmonella O-group Bio-Plex assay so that we can continue to correlate the molecular and traditional determinations of O groups. Serogroup O54 has been provisionally kept in the KauffmannWhite scheme (42) , with 8 of 14 serotypes considered O54ϩ variants of other serotypes (see Table 3 ). The molecular determination for classifying serogroups certainly supports this and suggests that other O54 serotypes, as well as serogroups A and O67, should be considered minor variants of more common serotypes from serogroups B, C 1 , C 2 , and E (for O54), D (for A), and B (for O67). False-negative results were observed for subspecies IIIb and V serogroup O13 isolates. We are in the process of sequencing the 90-bp target region from subspecies IIIb and V serogroup G isolates to look for sequence variation around the primer/ probe sites. Once the variation is identified, additional PCR primers/probes will be incorporated into the O-group Bio-Plex assay.
Molecular O-group determination by PCR has previously been reported for rough Salmonella isolates (23) . Our data provide further evidence of the advantage of a molecular approach to serotyping, because it has the potential to provide serotype information for rough isolates. The Bio-Plex assay identified an O group consistent with a common serotype for six of nine rough isolates tested.
The work described in this study forms the basis for the development of an O-group-specific Bio-Plex assay for detection of common Salmonella serogroups based on target sequences directly involved in the formation of the O antigens. Determination of Salmonella serogroups based on DNA markers appears to provide a viable alternative to traditional serotyping methods. The assay has a 96-well format and can be completed 45 min post-PCR amplification, therefore providing a high-throughput assay that should be amenable to the characterization of large numbers of isolates with minimal hands-on time. We have been investigating the O-antigen gene clusters from additional serogroups for which no sequence information is currently available (18, 19) and have identified serogroup-specific DNA targets that we are currently incorporating into the Salmonella O-group Bio-Plex assay. We also intend to identify additional rfb targets specific for other Salmonella serogroups and to add these to the Salmonella Ogroup assay. Our overall goal is to combine this serogroup identification system with DNA targets specific for H antigens (37) in order to establish a comprehensive DNA-based scheme for identification of the major Salmonella serotypes (P. I. . The multiplex capabilities of the Bio-Plex platform support the detection of both O and H antigens in a single assay format, and by targeting the genes responsible for serotype antigens, it provides a correlation between serotypes determined by traditional and molecular methods. Further studies are under way to validate the O-group Bio-7-Plex assay together with a Bio-Plex assay for detection of Salmonella H antigens on a panel of 500 isolates submitted to the National Salmonella Reference Laboratory in parallel with traditional serotyping methods and to standardize the procedure so as to allow for direct detection straight from a culture instead of from extracted DNA.
